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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to 5 
phase shifting circuits and more particularly to a phase 
shifting circuit that may be used in quadrature clock gen* 
eratorfor tor providing quadrature output signals. 

BACKGROUND OF THE INVENTION . 10 

[0002] A quadrature clock generator may be used in a 
delay locked loop (DLL) to provide two clock signals that 
are 90 degrees out of phase with one another. Typically, 
a first output clock signal (the T output clock signal) is is 
in phase with the input reference ciock signal, and a sec- 
ond output clock signal (the quadrature or "Q" output 
clock signal) is 90 degrees out of phase with the input 
reference clock signal. Both output ciock signals of the 
quadrature clock generator have the reference frequen- so 
cy. The output clock signals are phase mixed to provide 
a desired phase difference or delay between the output 
clock signal of the DLL and the input reference clock. 
[0003] Cyclic variations from the desired phase differ- 
ence between the output clock signals of the quadrature 25 
clock generator result in "jitter." For DLL purposes, the 
jitter of the quadrature clock generator affects the timing 
margins of the DLL, increasing lock acquisition time for 
the DLL. Therefore, reduced jitter is desirable. 
[0004] According to one prior art method, a quadrature 30 
clock generator first divides the frequency of the input 
reference clock signal by two and then operates on the 
reduced frequency signal to produce two clock signals 
that are 90 degrees out of phase with one another. A DLL 
using a frequency dividing quadrature clock generator 35 
then must double the frequency of the clock signals to 
produce the desired output clock signals of the original 
frequency. 

[0005] According to an alternative prior art method, a 
quadrature clock generator operates °at frequency" to *o 
provide quadrature clock signals without the intermediate 
steps of frequency dividing and doubling. A fixed delay 
element is typically used to provide the desired phase 
relationship. When compared to frequency dividing . 
quadrature clock generators, at frequency quadrature *5 
clock generators have the advantages of reduced circuit 
complexity, reduced die area, and reduced power con- 
sumption. 

[0006] Generally, frequency dividing quadrature clock 
generators are able to maintain the desired phase rela- 
tionship between the output clock signals over a wider 
range of input reference clock frequencies than at fre- 
quency quadrature clock generators. Furthermore, when 
compared to at frequency quadrature clock generators, 
frequency dividing quadrature clock generators are bet- ss 
ter able to maintain the desired phase relationship in view 
of process variations, supply variations, and temperature 
variations. 



[0007] Wherein frequency dividing quadrature clock 
generators are capable of providing adequate jitter per- 
formance, a DLL that uses a frequency dividing quadra- 
ture clock generators may exhibit bi-modal jitter (and 
therefore worse timing margins) due to the mismatching 
of components used in the frequency doubling. Thus, the 
components of frequency dividing quadrature clock gen- 
erator must be closely matched to reduce jitter, further 
increasing the cost of manufacturing a frequency dividing 
quadrature clock generator. 

[0008] Other phase shifter circuits are known from 
US4663594 and US 4866397. 

SUMMARY AND OBJECTS OF THE INVENTION 

[0009] Therefore, an object of the invention is to pro- 
vide an at frequency quadrature clock generator having 
improved jitter performance. 

[0010] These and other objects are provided by a 
quadrature clock generator that includes an at frequency 
phase shifting circuit for providing the Q output clock sig- 
nal and a first comparator for providing the I output clock 
signal. Both the phase shifting circuit and the second 
comparator are coupled to receive an input reference 
clock signal. The phase shifting circuit comprises a tri- 
angle wave generator coupled in series with a second 
comparator. The triangle wave generator outputs a pair 
of complementary triangle wave signals in response to 
the input reference signal. The second comparator out- 
puts the Q output clock signal in response to a compar- 
ison between the pair of complementary triangle wave 
signals. To better ensure that the output clock signals of 
the first comparator and the phase shifting circuit are in 
quadrature, the first and second comparators are 
matched such that the propagation delays associated 
with the comparators are equal. 
[0011] According to alternative embodiments, the 
phase shifting circuit may be used alone to provide a 
predetermined fixed delay. Further, the quadrature clock 
generator may be used as a component of a DLL. Spe- 
cifically, the invention provides a phase shifting circuit 
comprising: 

first and second current sources to generate respec- 
tive first and second currents at respective first and 
second nodes ; 

a first current switch to steer current from the first 
node to a third node In response to a first state of a 
reference signal, and to steer current from the first 
node to the second node via a resistive element in 
response to a second logic state of the reference 
signal; 

a second current switch to steer current from the 
second node to the first node via the resistive ele- 
ment when the reference signal is in the first state 
to produce a first voltage transition at the first node, 
and to steer current from the second node to the third 
node when the reference signal is in the second logic 
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state; 

a capacitor element to slew rate limit the first voltage 
transition at the first node; 

a third current source to sink a third current from the 
third node, the third current having a magnitude that 5 
is at least double that of the first current; and 
a comparator circuit coupled to the first and second 
nodes to generate an output signal having a phase 
shift with respect to the reference signal in response 
to the first voltage transition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The present invention is illustrated by way of 
example and not limitation in the figures of the accom- 
panying drawings, in which like references indicate sim- 
ilar elements, and in which: 

FIGURE 1 shows a delay locked loop that includes 
a quadrature clock generator and phase shifting cir- 20 
cuit according to one embodiment. 
FIGURE 2 shows a quadrature clock generator as 
including a phase shifting circuit according to one 
embodiment. 

FIGURE 3 shows a triangle wave generator of the 25 
phase shifting circuit according in more detail. 
FIGURE 4 illustrates the operation of a quadrature 
clock generator and phase shifting circuit according 
to one embodiment. 

FIGURE 5 shows a quadrature clock generator as 30 
including a phase shifting circuit with duty cycle error 
correction. 

FIGU RE 6 shows a duty cycle error correction circuit 
of one embodiment. 

FIGURE 7 shows a filter according to one embodi- 35 
ment. 

DETAILED DESCRIPTION 

[0013] A phase shifting circu it that operates at frequen- *o 
cy and may be incorporated as part of a quadrature clock 
generator is described herein. The phase shifting circuit 
generally comprises a triangle wave generator coupled 
in series with a comparator. The triangle wave generator 
receives a periodic input signal and outputs two comple- *s 
mentary triangle wave signals. The comparator com- 
pares the value of the first triangle wave to the value of 
the second triangle wave, outputting a logic high value 
when the first triangle wave is greater than the second 
triangle wave and a logic low value when the firsttriangle so 
wave is less than the second triangle wave. 
[0014] The output of the comparator transitions be- 
tween logic high and logic low values when the first and 
second triangle waves are equal. Assuming that the input 
signal has a 50% duty cycle, the output signal of the com- 55 
parator transitions approximately 90 degrees out of 
phase with the transitions of the input signal. The phase 
shift circuit may be used to provide the Q output clock 



signal of a quadrature clock generator, wherein a second 
comparator having approximately the same delay as the 
comparator of the phase shift circuit is coupled to the 
input signal for providing the I output clock signal of the 
quadrature clock generator. 

[0015] Figure 1 is a simplified block diagram of delay 
locked loop (DLL) 100 that includes quadrature clock 
generator 105, variable delay 110, clock buffers 115, 
phase detector 120, and charge pump 125. A reference 
clock signal having a 50% duty cycle is provided as an 
input to the quadrature clock generator 105. Quadrature 
clock generator 1 05 uses the input reference clock signal 
to generate a first output clock signal T that is in phase 
with the input reference clock signal and a second output 
clock signal "Q" that is 90 degrees out of phase with the 
I output clock signal. The I and Q output clock signals 
are said to be in quadrature with one another. 
[0016] Variable delay 110 receives the quadrature sig- 
nals from quadrature clock generator 1 05 and phase mix- 
es the quadrature signals to produce a variable delay in 
order to generate a DLL clock output signal having the 
desired phase relationship to the input reference clock 
signal. Clock buffers 1 15 receive the output of variable 
delay 1 1 0 and buffer it to drive the large wiring capaci- 
tance load at the output of DLL 1 00. 
[0017] As shown, the output signal of DLL 1 00 is fed 
back to phase detector 1 20, which also receives the input 
reference clock signal. F>hase detector 1 20 compares the 
input reference clock signal to the output signal of the 
DLL and outputs a control signal that causes phase shift- 
er 1 1 0 to adjust the relative phase of the output signal of 
DLL 100 by adjusting the phase mixing of the I output 
clock signal and the Q output clock signal. The control 
signal may be an analog voltage or a digital signal such 
as a control digital word. 

[0018] Figure 2 shows a quadrature clock generator 
according to one embodiment. Quadrature clock gener- 
ator 105 is shown as generally including a phase shift 
circuit 200 and a comparator 210 wherein phase shift 
circuit 200 provides the Q output signal and comparator 
21 0 outputs the I output signal. The input reference clock 
signal is labeled "CLK" and is provided to the inputs of 
phase shift circuit 200 and comparator 210 along with a 
complementary reference clock signal "CLKB." The I out- 
put signal of quadrature clock generator 105 is approxi- 
mately in phase with the input clock signal CLK, and the 
Q output signal is 90 degrees out of phase with the I 
output signal. 

[0019] Phase shift circuit 200 is shown as including 
triangle wave generator 201 and comparator 205. Trian- 
gle wave generator 201 outputs a first triangle wave sig- 
nal VOUTto the positive input of comparator 205 and a 
second complementary triangle wave signal VOUTB to 
the negative input of comparator 205. The complemen- 
tary triangle wave signals are output in response to the 
complementary input reference clock signals. According 
to one embodiment, VOUT is the integral of input refer- 
ence clock signal CLK, and VOUTB is the Integral of com- 
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plementary input reference clock signal CLKB. 
[0020] Comparator 205 outputs a square wave signal 
that transitions between logic high and logic low values, 
at zero differential crossing points wherein the values of 
signals VOUT and VOUTB are equal. The zero differen- 5 
tial crossing points are approximately 90 degrees out of 
phase with transitions in the input reference clocksignals. 
The delay of comparator 205 results in additional phase 
difference, and comparator 210 is selected to have a 
matching delay such that the I and Q output signals are 
in quadrature with one another. Thus, the delay of com- 
parator 210 causes the I output signal to be slightly out 
of phase with the input reference clock signal CLK, ex- 
actly canceling the phase difference caused by the delay 
of comparator 205. 

[0021] According to one embodiment, triangle wave 
generator 201 comprises a current switch 202 and a filter 
203. Current switch 202 includes a pair of inputs coupled 
to receive CLK and CLKB and a pair of output terminals 
A and B for outputting an output current l out . Filter 203 is 
coupled across the output terminals of current switch 
202. Current switch 202 changes the direction of flow for 
output current l out in response to complementary input 
clocksignals CLK and CLKB. For example, wherein input 
clock signal CLK is logic high, the output current l out flows 
from output terminal A, through filter 203, and into output 
terminal B such that VOUT increases and VOUTB de- 
creases. Wherein CLK is logic low, the output current l out 
flows from the B output terminal, through filter 203, and 
into output terminal A such that VOUTB increases and 
VOUT decreases. 

[0022] Filter 203 is shown as comprising resistor 215 
and capacitor 220, each of which are coupled across the 
output terminals of current switch 202. The values of re- 
sistor 215 and capacitor 220 are selected such that the 
RC time constant of filter 203 limits the slew rate of the 
voltages VOUT and VOUTB, preventing VOUT and 
VOUTB from achieving the supply voltages VCC and 
VSS and resulting in complementary triangle wave sig- 
nals. The values of resistor 21 5 and capacitor 220 are 
also selected such that the amplitude of the triangle wave 
signals is as large as possible. Wherein CLK has a fre- 
quency of 250 MHz, exemplary values of resistor 215 
and capacitor 220 are 4 kCl and 0.4 pF, respectively. 
Resistor 215 of filter 203 may be provided by two half- 
value resistors and two double-value capacitors coupled 
in a manner such as that shown by Figure 7. 
[0023] Figure 3 shows a current switch 202 of one em- 
bodiment as generally comprising a differential pair of 
matched NMOS transistors 302 and 304 and current 
sources 305, 306, and 308. Transistor 302 has its gate 
coupled to receive the CLK signal and its drain coupled 
to the supply voltage VCC via current source 306. Sim- 
ilarly, transistor 304 has its gate coupled to receive the 
CLKB signal and its drain coupled to VCC via current 
source 308. The sources of transistors 302 and 304 are 
commonly coupled to system ground VSS via current 
source 305. Current sources 306 and 308 each source 



a current \ y , and current source 305 sinks a current having 
twice the value of l t . 

[0024] As shown, output terminal A of current switch 
202 is coupled to the drain of transistor 304, and output 
terminal Biscoupledto the drain of transistor 302. There- 
fore, the drains of transistor 302 and 304 are coupled to 
one another via filter 203 such that filter 203 provides a 
conducting path to system ground VSS. Wherein tran- 
sistor 302 is switched off and transistor 304 is switched 
on, the current provided by current source 306 is diverted 
through filter 203 and transistor 304 to system ground 
VSS such that the voltage VOUTB at output terminal B 
increases relative to the voltage VOUT at output terminal 
A. Similarly, wherein transistor 302 is switched on and 
transistor 304 is switched off, the current provided by 
current source 308 is diverted through filter 203 and tran- 
sistor 302 to system ground VSS such that the voltage 
VOUT increases relative to the voltage VOUTB. Because 
NMOS transistors 302 and 304 are matched and current 
sources 306 and 308 are matched, the amplitudes of 
VOUT and VOUTB are equal. 

[0025] Figure 4 shows several waveforms that illus- 
trate the operation of current switch 202 and quadrature 
clock generator 1 05. Specifically, Figure 4 shows com- 
plementary input reference clock signals CLK and CLKB, 
complementary triangle wave signals VOUT and 
VOUTB, and quadrature output signals Q and I. 
[0026] At time TO, CLK transitions from a logic low val- 
ue to a logic high value, complementary clock signal 
CLKB transitions from a logic high value to a logic low 
value, and voltages VOUTB and VOUT are at their max- 
imum and minimum values, respectively. While CLK is 
logic high and CLKB is logic low, transistor 302 is 
switched on and transistor 304 is switched off such that 
current source 308 provides a current ^ that flows from 
output terminal A, through filter 203, and to system 
ground VSS via output terminal B and transistor 302. 
Thus, at time TO, VOUT begins to increase, and VOUTB 
begins to decrease! 

[0027] Because the components of current switch gen- 
erator 202 are matched, the time rate of change for VOUT 
and VOUTB are of equal magnitude and opposite polar- 
ity. Further, the RC time constant of filter 203 limits the 
slew rate of VOUT and VOUTB such that both signals 
are triangle wave signals that swing between a maximum 
value, V max , that is less than VCC and a minimum value, 
V mjn , that is greater than VSS. For these reasons, the 
values of VOUT and VOUTB are equal half way between 
times TO and T1 , when CLK transitions from high to low. 
Thus, the differential crossing points of the triangle wave 
signals VOUT and VOUTB occur90 degrees out of phase 
with transitions of input reference clock signal CLK. 
[0028] Comparator 205 {shown In Figure 2) detects 
the differential crossing point and causes the Q output 
signal to transition from logic low to logic high. The tran- 
sition time of comparator 205. introduces a delay T D in 
the Q output signal of quadrature clock generator 200 
such that the Q output signal Is actually (90 + 0) degrees 
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out of phase with CLK, wherein a is the phase difference 
corresponding to the delay T D . The delay of comparator 
210 is selected such that the I output signal also includes 
a delay T D . Thus, the Q output signal is exactly 90 de- 
grees out of phase with the I output signal. 5 
[0029] At time T1, CLK transitions from high to low, 
CLKB transitions from low to high, and voltages VOUT 
and VOUTB are at their maximum and minimum values, 
respectively. While CLK is logic low and CLKB is logic 
high, transistor 304 is switched on and transistor 302 is 
switched off such that current source 306 provides a cur- 
rent ^ that flows from output terminal B, through filter 
203, and to system ground VSS via output terminal A 
and transistor 304. Thus, at time T1 , VOUTB begins to 
increase, and VOUT begins to decrease. Another zero *5 
differential crossing point occurs halfway between times 
T1 and T2. Comparator 205 detects the zero differential 
crossing point and causes the Q output signal to transition 
from logic high to logic low. At time T2, CLK transitions 
from low to high. . 20 

[0030] Thus far, it has been assumed that the Q output 
signal has a 50% duty cycle. If the input reference clock 
signal CLK does not have a 50% duty cycle, or if there 
are component mismatches, the rising and failing edges 
of the triangle waves may not be centered around the 25 
same voltage, and the Q output signal therefore may not 
have a 50% duty cycle. For the purposes of DLL 100, it 
is desirable that the Q output signal have a 50% duty 
cycle. Therefore, the quadrature clock generator 105 
shown in Figure 5 includes additional circuitry for correct- 30 
ing duty cycle errors. 

[0031] Specifically, the embodiment of quadrature 
clock generator 1 05 shown in Figure 5 includes a duty 
cycle error measurement circuit 515 coupled in series 
with a duty cycle correction circuit 520. Duty cycle error 35 
measurement circuit 515 and duty cycle correction circuit 
520 are coupled in a feedback configuration between the 
output of comparator 505 of phase shift circuit 200 and 
the output of current switch 202 of triangle wave gener- 
ator 201. 40 
[0032] As shown, comparator 505 includes a comple- 
mentary output that outputs a QB output signal that is 
1 80 degrees out of phase with the Q output signal. The 
Q and QB output signals are provided as inputs to duty 
cycle error measurement circuit 51 5, which may be man- 45 
ufactured in accordance with the disclosure of the follow- 
ing patent application, which is hereby incorporated by 
reference: U.S. application serial no. 08/1 96,71 1 , entitled 
"Amplifier With Active Duty Cycle Correction 0 , and com- 
monly assigned to Rambus, Inc. of Mountain View, Cal- so 
ifornia. 

[0033] Duty cycle error measurement circuit 515 out- 
puts differential error voltages V A+ and V A _ In response 
to detecting a difference between the duty cycle of the Q 
output signal and a 50% duty cycle. Duty cycle error & 
measurement circuit515 includes afilter(notshown) that 
results in error voltage V A being a slowly changing, near 
DC voltage having a magnitude that is proportional to the 



magnitude of the error in duty cycle. In order to ensure 
the stability of this second-order feedback loop, the pole 
of the filterforthe duty cycle measurement circuit 515 is 
selected to be the dominant pole of the duty cycle cor- 
rection feedback loop. 

[0034] Duty cycle correction circuit 520 receives the 
differential error voltage V A and provides a correction cur- 
rent l A via output terminals C and D in response to the 
differential error voltage V A such that the Q output signal 
has a 50% duty cycle. As shown, output terminals C and 
D are coupled to output terminals A and B of current 
switch 202, respectively. The direction in which the cor- 
rection current l A flows depends on whether the duty cy- 
cle of the Q output signal is less than or more than 50%. 
The correction current l A flows from output terminal C 
when the Q output signal has a duty cycle that is less 
than 50%. The correction current l A (as shown in paren- 
theses) flows from output terminal D when the Q output 
signal has a duty cycle that is more than 50%. The cor- 
rection current l A is summed with the output current l^ 
of current switch 202 before being fed into filter 203. The 
correction current therefore causes one of the triangle 
wave signals to increase in voltage wherein the other 
triangle wave signal decreases in voltage such that the 
zero differential crossing points occur halfway between 
the rising and falling edges of the input reference clock 
signal CLK. 

[0035] According to one embodiment, duty cycle cor- 
rection circuit 520 is a current switch that switches the 
correction current l A . Figure 6 shows duty cycle correction 
circuit 520 as being a current switch that generally com- 
prises a differential pair of matched NMOS transistors 
602 and 604 and current sources 605, 606, and 608. 
Transistor 602 has its gate coupled to receive the V A+ 
error voltage and its drain coupled to the supply voltage 
VCC via current source 606. Similarly, transistor 604 has 
its gate coupled to receive the V A _ error voltage and its 
drain coupled to VCC via current source 608. The sourc- 
es of transistors 602 and 604 are commonly coupled to 
system ground VSS via current source 605. Current 
sources 606 and 608 each source a current l 2 , and cur- 
rent source 605 sinks a current of 2I 2 . The current l 2 is 
chosen to be much less than the current I «, used in current 
switch 202. 

[0036] Figure 7shows resistor215andcapacitor220 
of filter 203 according to one embodiment. Resistor 215 
is shown as including a first half -value resistor 705 cou- 
pled between output terminal A of current switch 202 and 
a common mode voltage V CM , and a second half-value 
resistor 710 coupled between a common mode voltage 
V CM and output terminal B of current switch 202. Capac- 
itor 220 is shown as including a first double-value capac- 
itor 715 coupled between output terminal A of current 
switch 202 and system ground VSS, and a second dou- 
ble-value capacitor 720 coupled between output terminal 
B and VSS. 

[0037] In the foregoing specification the invention has 
been described with reference to specific exemplary em- 
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bodiments thereof. It will, however, be evident that vari- 
ous modifications and changes may be made thereto 
without departing from the scope of the invention as set 
forth in the appended claims. The specification and draw- 
ings are, accordingly, to be regarded in an illustrative s 
rather than restrictive sense. 

[0038] It follows a list of further, not claimed, embod- 
iments of the invention: 

Embodiment 1 . A phase shirting circuit comprising: 10 

a triangle wave generator coupled to receive an 
input reference signal, the triangle wave gener- 
ator including a pair of complementary outputs 
that output a pair of complementary triangle is 
wave signals in response to the input reference 
signal; and 

a comparator having a pair of inputs coupled to 
receive the pair of comp leme ntary triangle wave 
signals, the comparator outputting an output sig- 20 
nai having a predetermined phase relationship 
with the input reference signal in response to a 
comparison between the pair of complementary 
triangle wave signals. 

25 

Embodiments. A phase shifting circuit according to 
with the featu res of embodiment, wherein the triangle 
wave generator comprises: 

a filter coupled across the complementary out- 30 
puts; and 

a current switch coupled to receive the input ref- . 
erence signal, the current switch providing an 
output current at the complementary outputs, 
wherein the current switch reverses a direction 35 
of flow for the output current in response to the 
input reference signal, the filter integrating the 
output current to result in complementary trian- 
gle wave signals. 

40 

Embodiment 3. A phase shifting circuit according to 
with the features of embodiment wherein the triangle 
wave generator comprises: 

a differential amplifier including a first input cou- *s 
pled to the input reference signal, a second input 
coupled to a complementary input reference sig- 
nal, and the pair of complementary outputs; and 
a filter coupled across the complementary out- 
puts, the filter causing the complementary out- so 
puts of the differential amplifier to output com- 
plementary triangle wave signals. 

Embodiment 4. The phase shifting circuit of with the 
features of embodiment, wherein the differential am- 55 
plifier comprises: 

a first field effect transistor (FET) including a 



gate coupled as the first input of the differential 
amplifier, a first terminal coupled as a first one 
of the complementary outputs of the differential 
amplifier, and a second terminal coupled to a 
first node; 

a first current source coupled between a first 
supply rail and the first terminal of the first FET; 
a second FET including a gate coupled as the 
second input of the differential amplifier, a first 
terminal coupled as a second one of the com- 
plementary outputs of the differential amplifier, 
and a second terminal coupled to the first node; 
a second current source coupled between a first 
supply rail and the first terminal of the second 
FET; and 

a third current source coupled between the first 
node and a second supply rail. 

Embodiment 5. The phase shifting circuit of with the 
features of embodiment, wherein the first and sec- 
ond current sources each source approximately / 
amperes of current, and the third current source 
sinks approximately 21 amperes of current. 

Embodiment 6. The phase shifting circuit of with the 
features of embodiment, wherein the phase shifting 
circuit is implemented as a CMOS circuit. 

Embodiment 7. The phase shifting circuit of with the 
features of embodiment, wherein the phase shifting 
circuit is implemented on a single semiconductor 
substrate. 

Embodiment 8. The phase shifting circuit of with the 
features of embodiment, further comprising: 

a duty cycle error measurement circuit coupled 
to the output of the comparator, the duty cycle 
error measurement circuit outputting an error 
signal in response to the output signal of the 
comparator deviating from a 50% duty cycle; 
a second differential amplifier including an input 
coupled to the error signal and a pair of outputs 
coupled to the complementary outputs of the dif- 
ferential amplifier, the second differential ampli- 
fier outputting a correction current such that the 
output of the comparator has a 50% duty cycle. 

Embodiment 9. A quadrature clock generator circuit 
for outputting a first output signal and a second out- 
put signal that is approximately 90 degrees out of 
phase with the first output signal, the dock generator . 
circuit comprising: 

a first comparator having an input coupled to an 
input reference signal, the first comparator out- 
putting the first output signal in response the 
complementary input signals; 
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a phase shifting circuit coupled to the input sig- 
nal, the phase shifting circuit comprising: 

a triangle wave generator coupled to re- 
ceive the input reference signal, the triangle 5 
wave generator including a pair of comple- 
mentary outputs that output a pair of com- 
plementary triangle wave signals in re- 
sponse to the input signal; and 
a second comparator having a pair of inputs 10 
coupled to receive the pair of complemen- 
tary triangle wave signals, the comparator 
outputting the second output signal in re- 
sponse to a comparison between the pair 
of complementary triangle wave signals. '5 

Embodiment 10. The quadrature clock generator of 
with the features of embodiment, wherein the triangle 
wave generator comprises: 

20 

a filter coupled across the complementary out- 
puts; and 

a current switch coupled to receive the input ref- 
erence signal, the current switch providing an 
output current at the complementary outputs, 25 
wherein the current switch reverses a direction 
. of flow for the output current in response to the 
input reference signal, the filter integrating the 
output current to result in complementary trian- 
gle wave signals. 30 

Embodiment 1 1 . The quadrature clock generator of 
with the features of embodiment, wherein the triangle 
wave generator comprises: 

35 

a differential amplifier including a first input cou- 
pled to the input reference signal, a second input 
coupled to a complementary input reference sig- 
nal, and the pair of complementary outputs; and 
a filter coupled across the complementary out- *o 
puts, the filter causing the complementary out- 
puts of the differential amplifier to output com- 
plementary triangle wave signals. 

Embodiment 12. The quadrature clock generator of *s 
with the features of embodiment, wherein the differ- 
ential amplifier comprises: 

a first field effect transistor (FET) including a 
gate coupled as the first input of the differential so 
amplifier, a first terminal coupled as a first one 
of the complementary outputs of the differential 
amplifier, and a second terminal coupled to a 
first node; 

a first current source coupled between a first & 
supply rail and the first terminal of the first FET; 
a second FET including a gate coupled as the 
second input of the differential amplifier, a first 



terminal coupled as a second one of the com- 
plementary outputs of the differential amplifier, 
and a second terminal coupled to the first node; 
a second current source coupled between a first 
supply rail and the first terminal of the second 
FET; and 

a third current source coupled between the first 
node and a second supply rail. 

Embodiment 13. The quadrature clock generator of 
with the features of embodiment, wherein the first 
and second current sources each source approxi- 
mately / amperes of current, and the third current 
source sinks approximately 21 amperes of current. 

Embodiment 14. The quadrature clock generator of 
with the features of embodiment, wherein the quad- 
rature clock generator is implemented as a CMOS 
circuit. 

Embodiment 15. The quadrature clock generator of 
with the features of embodiment, wherein the quad- 
rature clock generator is implemented on a single 
semiconductor substrate. 

Embodiment 16. The quadrature clock generator of 
with the features of embodiment, further comprising: 

a duty cycle error measurement circuit coupled 
to the output of the comparator, the duty cycle 
error measurement circuit outputting an error 
signal in response to the output signal of the 
comparator deviating from a 50% duty cycle; 
and 

a second differential amplifier including an input 
coupled to the error signal and a pair of outputs 
coupled to the complementary outputs of the dif- 
ferential amplifier, the second differential ampli- 
fier outputting a correction current such that the 
output of the comparator has a 50% duty cycle.. 

Embodiment 1 7. A delay-locked loop (DLL) compris- 
ing: 

a quadrature clock generator circuit for output- 
ting a first output signal and a second output 
signal that is approximately 90 degrees out of 
phase with the first output signal, the clock gen- 
erator circuit comprising: 

a first comparator having an input coupled 
to an input reference signal, the first com- 
parator outputting the first output signal in 
response the input reference signal; 
a phase shifting circuit coupled to the input 
signal, the phase shifting circuit comprising: 

atriangle wave generator coupled to re- 
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ceive the input reference signal, the tri- 
angle wave generator including a pair 
of complementary outputs that output 
a pair of complementary triangle wave 
signals in response to the input refer- 5 
ence signal; and 

a second comparator having a pair of 
inputs coupled to receive the pair of 
complementary triangle wave signals, 
the comparator outputting the second io 
output signal in response to a compar- 
ison between the pair of complementa- 
ry triangle wave signals; 

a variable delay circuit coupled to receive the is 
first and second output signals, the variabe de- 
lay circuit outputting a delayed signal in re- 
sponse to a control signal; 
a clock buffer circuit coupled to receive and buff- 
er the delayed circuit, the clock buffer circuit out- £0 
putting an output signal of the DLL; and 
a phase detector coupled to the input reference 
signal and the output signal of the DLL, the 
phase comparator generating the control signal 
in response to a comparison between the input 25 
and output signals. 

Embodiment 1 8. The DLL of with the features of em- 
bodiment, wherein the triangle wave generator com- 
prises: 30 

a filter coupled across the complementary out- 
puts; and 

a current switch coupled to receive the input ref- 
erence signal, the current switch providing an 35 
output current at the complementary outputs, 
wherein the current switch reverses a direction 
of flow for the output current in response to the 
input reference signal, the filter integrating the 
output current to result in complementary than- <o 
gle wave signals. 

Embodiment 19. The DLL of with the features of em- 
bodiment, wherein the triangle wave generator com- 
prises: 45 

a differential amplifier including a first input cou- 
pled to the input reference signal, a second Input 
coupledto acomplementary input reference sig- 
nal, and the pair of complementary outputs; and so 
a filter coupled across the complementary out- 
. puts, the filter causing the complementary out- 
puts of the differential amplifier to output com- 
plementary triangle wave signals. 

Embodiment 20. A method for providing a phase shift 
of approximately 90 degrees between an output sig- 
nal and an input reference signal, the method com- 



prising: 

generating a pair . of. complementary triangle 
wave signals; and 

outputting the output signal, wherein the output 
signal transistions between a first state and a 
second state in response to the complementary 
triangle wave signals being equal. 



Claims 

1 . A phase shifting circuit comprising: 

first and second current sources (306,308) to 
generate respective first and second currents at 
respective first and second nodes (A,B Vquj, 
v outb); 

a first current switch (302) to steer current from 
the first node to a third node in response to a 
first state of a reference signal (CLK, CLKB), 
and to steer current from the first node to the 
second node via a resistive element (215) in re- 
sponse to a second logic state of the reference 
signal; 

a second current switch (304) to steer current 
from the second node to the first node via the 
resistive element when the reference signal is 
in the first state to produce a first voltage tran- 
sition at the first node, and to steer current from 
the second node to the third node when the ref- 
erence signal is in the second logic state; 
a capacitor element (220) to slew rate limit the 
first voltage transition at the first node; 
a third current source (305) to sink a third current 
from the third node, the third current having a 
magnitude that is at least double that of the first 
current; and 

a comparator circuit (205,505) coupled to the 
first and second nodes to. generate an output 
signal having a phase shift with respect to the 
reference signal in response to the first voltage 
transition. 

2. The phase shifting circuit of claim 1 wherein the f irst 
and second current switches comprise respective 
first and second transistors receiving the reference 
signal and a complement thereof at respective gate 
inputs. 

3. The phase shifting circuit of claim 1 wherein the re- 
sistive element is coupled between the first and sec- . 
ond nodes, and capacitor element Is coupled be- 
tween the first and second nodes. 

4. The phase shifting circuit of claim 1 wherein the re- 
sistive element comprises a first resistorcoupled be- 
tween a second supply potential and the first node, 
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and a second resistor coupled between the second 
supply potential and the second node. 

5. The phase shifting circuit of claim 1 wherein the first 
and second currents produce a second voltage tran- 
sition at the second node when the reference signal 
is in the first state. 

6. The phase shifting circuit of claim 5 wherein the com- 
parator comprises a first input coupled to the first 
node, and a second input coupled the second node. 

7. The phase shifting circuit of claim 1 wherein the third 
current source sources the third current to a ground 
potential node. 

8. A method of operation in a phase shifting circuit, the 
method comprising: 

generating first and second currents using re- 
spective first and second current sources that 
source current from a supply potential to respec- 
tive first and second nodes; steering current 
from the first node to a third node in response 
to a first state of a reference signal, and from 
the first node to the second node via a resistive 
element in response to a second state of the 
reference signal; 

steering second current from the second node 
to the first node via a resistive, element in re- 
sponse to the first state of the reference signal, 
and from the second node to the third node in 
response to the second state of the reference 
signal, a first voltage transition being produced 
at the first node and a second voltage transition 
being produced at the second node when the 
reference signal is in the first state; 
slew rate limiting the first and second voltage 
transitions; 

sinking a third current from the third node, the 
third current being at least the sum of the first 
and second currents; 

reversing a direction of current flow through the 
resistive element when the reference signal 
changes states; and 

generating an output signal by detecting cross- 
ing points of the first and second voltage transi- 
tions, the output signal having a phase shift with 
respect to the reference signal. 

9. The method of claim 8 wherein the first and second 
voltage transitions are complementary. 

10. The method of claim 8 wherein during the second 
state of the reference signal, a third voltage transition 
is produced at the first node, and a fourth voltage 
transition is produced at the second node, the third 
voltage transition being complementary to the first 



voltage transition. 

11. The method of claim 8 generating the output signal 
comprises comparing the first and second voltage 

5. transitions to detect the crossing points thereof. 

12. The method of claim 8 wherein the current steered 
from the second node is steered in response to a 
signal that is complementary to the reference signal. 

10 

13. The method of claim 8 wherein the third current is 
sunk from the third node to a ground potential node. 

14. The method of claim 8 wherein the phase shift is at 
is least ninety degrees. 

1 5. The method of claim 8 wherein slew rate limiting the 
first voltage transition at the first node is performed 
using a capacitor. 

20 



Patentanspruche 

1 . Phasenschieberschaltung mit: 

ersten und zweiten Stromquellen (306, 308), urn 
jeweilige erste und zweite Strome an jeweiligen 
. ersten und zweiten Knotenpunkten (A, B, V 0Lrr , 
v outb) zu erzeugen; 

einem ersten Stromschalter (302), urn Strom 
von dem ersten Knotenpunkt zu einem dritten 
Knotenpunkt als Antwort auf einen ersten Zu- 
stand eines Referenzsignals (CLK, CLKB) zu 
leiten und um Strom von dem ersten Knoten- 
punkt zu dem zweiten Knotenpunkt uberein Wi- 
derstandselement (215) als Antwort auf einen 
zweiten Logikzustand des Referenzsignals zu 
leiten; 

einem zweiten Stromschalter (304), um Strom 
von dem zweiten Knotenpunkt zu dem ersten 
Knotenpunkt uber das Widerstandselement zu 
leiten, wenn das Referenzsignal in dem ersten 
Zustand ist, um einen ersten Spannungsuber- 
gang an dem ersten Knotenpunkt zu erzeugen, 
und um Strom von dem zweiten Knotenpunkt zu 
dem dritten Knotenpunkt zu leiten, wen n das Re- 
ferenzsignal in dem zweiten Logikzustand ist; 
einem Kondensatorelement (220), um die An- 
stiegsrate des ersten Spannungsubergangs an 
dem ersten Knotenpunkt zu begrenzen; 
einer dritten Stromquelle (305), um einen dritten 
Strom von dem dritten Knotenpunkt aufzuneh- 
men, wobei der dritte Strom einen Betrag auf- 
weist, derzumindest gleich dem Doppelten des 
ersten Stroms ist; und 

einer Komparatorschaltung (205, 505), die mit 
den ersten und zweiten Knotenpunkten verbun- 
den ist, um ein Ausgangssignal, das eine Pha- 
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senverschiebung bezuglich des Referenzsi- 
gnals aufweist, als Antwortauf den ersten Span- 
nungsQbergang zu erzeugen. 

2. Phasenschieberschaltung nach Anspruch 1, 5 
dadurch gekennzelchnet, dass die ersten und 
zweiten Stromschalter jeweilige erste und zweite 
Transistoren aufweisen, die das Referenzsignal und 
ein komplementares Signal desselben an jeweiligen 
Gate-Eingangen empfangen. 10 

3. Phasenschieberschaltung nach Anspruch 1 , 
dadurch gekennzeichnet, dass das Widerstands- 
element zwischen den ersten und zweiten Knoten- 
punkten gekoppeft ist und dass das Kondensator- is 
element zwischen den ersten und zweiten Knoten- 
punkten gekoppelt ist. 

4. Phasenschieberschaltung nach Anspruch 1 , 
dadurch gekennzeichnet, dass das Widerstands- 20 
element einen ersten Widerstand, der zwischen ei- 
nem zweiten Quellenpotential und dem ersten Kno- 
tenpunkt gekoppelt ist, und einen zweiten Wider- 
stand aufweist, der zwischen dern zweiten Quellen- 
potential und den zweiten Knotenpunkt gekoppelt 25 
ist 



5. Phasenschieberschaltung nach Anspruch 1 , 
dadurch gekennzeichnet, dass die ersten und 
zweiten Stromeeinen zweiten Spannungsubergang 
an dem zweiten Knotenpunkt erzeugen, wenn das 
Referenzsignal in dem ersten Zustand ist. 

6. Phasenschieberschaltung nach Anspruch 5, 
dadurch gekennzeichnet, dass der Komparator 
einen ersten mit dem ersten Knotenpunkt verbunde- 
nen Eingang und einen zweiten mit dem zweiten 
Knotenpunkt verbundenen Eingang aufweist. 

7. Phasenschieberschaltung nach Anspruch 1, 
dadurch gekennzeichnet, dass die dritte Strom- 
quelle den dritten Strom an einen Massepotential- 
Knotenpunkt liefert. 

8. Verfahren zum Betreiben in einer Phasenschieber- 
schaltung, wobei das Verfahren folgende Schritte 
aufweist: 

Erzeugen von ersten und zweiten Stromen unter 
Verwendung jeweiliger erster und zweiter 
Stromquellen, die Strom von einem Quellenpo- 
tential zu jeweiligen ersten und zweiten Knoten- 
punkten llefem; 

Leiten von Strom von dem ersten Knotenpunkt 
zu einem dritten Knotenpunkt als Antwort auf 
einen ersten Zustand eines Referenzsignals 
und von dem ersten Knotenpunkt zu dem zwei- 
ten Knotenpunkt Qber ein Widerstandselement 



als Antwort auf einen zweiten Zustand des Re- 
ferenzsignals; 

Leiten des zweiten Stroms von dem zweiten 
Knotenpunkt zu dem ersten Knotenpunkt uber 
ein Widerstandselement als Antwort auf den er- 
sten Zustand des Referenzsignals und von dem 
zweiten Knotenpunkt zu dem dritten Knoten- 
punkt als Antwort auf den zweiten Zustand des 
Referenzsignals, wobei ein erster Spannungs- 
ubergang an dem ersten Knotenpunkt und ein 
zweiter Spannungsubergang an dem zweiten 
Knotenpunkt erzeugt wird, wenn das Referenz- 
signal in dem ersten Zustand ist; 
Begrenzen der Anstiegsrate der ersten und 
zweiten Spannungsubergange; 
Aufnehmen eines dritten Stromes von dem drit- 
ten Knotenpunkt, wobei der dritte Strom zumin- 
dest die Summe derersten und zweiten Str6me 
ist; 

UmkehreneinerStromstromungsrichtungdunch 
das Widerstandselement, wenn das Referenz- 
signal Zustande andert; und 
Erzeugen eines Ausgangssignals durch Detek- 
tieren von Schnittpunkten der ersten und zwei- 
ten Spannungsubergange, wobei das Aus- 
gangssignal eine Phasenverschiebung bezug- 
lich des Referenzsignals aufweist. 

9. Verfahren nach Anspruch 8, 

30 dadurch gekennzeichnet, dass die ersten und 
zweiten Spannungsubergange komplementar sind. 

10. Verfahren nach Anspruch 8, 

dadurch gekennzeichnet, dass wan rend des 
35 zweiten Zustands des Referenzsignals ein drifter 
Spannungsubergang an dem ersten Knotenpunkt 
und ein vierter Spannungsubergang an dem zweiten 
Knotenpunkt erzeugt werden, wobei der dritte Span- 
nungsubergang zu dem ersten Spannungsuber- 
40 gang komplementar ist. 

11. Verfahren nach Anspruch 8, 

dadurch gekennzeichnet, dass der Schritt des Er- 
zeugens des Ausgangssignals ein Vergleichen der 
45 ersten und zweiten Spannungsubergange aufweist, 
urn die Schnittpunkte derselben zu detektieren. 

12. Verfahren nach Anspruch 8, 

dadurch gekennzeichnet, dass der Strom, dervon 
50 dem zweiten Knotenpunkt weggele'rtet wird, als Ant- 
wort auf ein Signal geleitet wird, das zu dem Refe- 
renzsignal komplementar ist. 

13. Verfahren nach Anspruch 8, 

55 dadurch gekennzeichnet, dass der dritte Strom 
ausgehend von dem dritten Knotenpunkt von einem 
Massepotential-Knotenpunkt aufgenommen wird. 
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.14. Verfahren nach Anspruch 8, 

dadurch gekennzeichnet, dass die Phasenver- 
schiebung zumindest 90° betragt. 

15. Verfahren nach Anspruch 8, s. 
dadurch gekennzeichnet, dass das Begrenzen 
der Anstiegsrate des ersten Spannungsubergangs 
an dem ersten Knotenpunkt mit einern Kondensator 
durchgefuhrtwird. 



Revendlcatlons 

1. Circuit de dephasage comprenant : 

15 

des premiere et deuxieme sources (306, 308) 
de courant pour generer des premier et deuxie- 
me cou rants respectifs aux premier et deuxieme 
noeuds respectifs (A, B, V out , V outB ); 
un commutateur (302) d'un premier courant 20 
pour orienter le courant du premier noeud au 
troisieme noeud en reponse a un premier etat 
d'un signal de reference (CLK, CLKB), et pour 
orienter le courant du premier noeud vers le 
deuxieme noeud via un element resistif (215) en 25 
reponse a un deuxieme etat logique du signal 
de reference : 

un commutateur (304) d'un deuxieme cou- 
rant pour orienter le courant du deuxieme 30 
noeud vers le premier noeud via Pelement 
resistif lorsque ie signal de reference est 
dans le premier etat pour produire une tran- 
sition de premiere tension au premier 
noeud, etpour orienter le courant du deuxie- & 
me noeud vers le troisieme noeud lorsque 
le signal de reference est dans le deuxieme 
etat logique ; 

un element condensateur (220) pour limiter 
la Vitesse de balayage de la transition de la 40 
premiere tension au premier noeud ; 
une source (305) d'un troisieme courant 
pour absorber un troisieme courant du troi- 
sieme noeud, le troisieme courant ayant 
une amplitude qui est au moins le double 45 
de celle du premier courant ; et 
un circuit comparateur (205, 505) couple 
aux premier et deuxieme noeuds pour ge- 
nerer un signal de sortie ayant un de- 
phasage par rapport au signal de reference 50 
en reponse a la transition de la premiere 
tension. 

2. Circuit de dephasage selon la revendication 1 dans 
lequel les premier et deuxieme commutateurs de 55 
courant comprennent respectivement des premier 

et deuxieme transistors recevant le signal de refe- 
rence et un complement de celui-cl aux entrees de 



grille respectives. 

3. Circuit de dephasage selon la revendication 1 dans 
lequel I'element resistif est couple entre les premier 
et deuxieme noeuds, et Ferment condensateur est 
couple entre les premier et deuxieme noeuds. 

4. Circuit de dephasage selon la revendication 1 dans 
lequel Tenement resistif comprend une premiere re- 
sistance couplee entre un deuxieme potentiel d'ali- 
mentation et le premier noeud, et dans lequel une 
deuxieme resistance est couplee entre le deuxieme 
potentiel d'alimentation et le deuxieme noeud. 

5. Circuit de dephasage selon la revendication 1 dans 
lequel les premier et deuxieme cou rants produisent 
une transition de deuxieme tension au niveau du 
deuxieme noeud lorsque le signal de reference est 
dans le premier etat. 

6. Circuit de dephasage selon la revendication 5, dans 
lequel le comparateur comprend-une premiere en- 
tree couplee au premier noeud, et une deuxieme en- 
tree couplee au deuxieme noeud. 

7. Circuit de dephasage selon la revendication 1 dans 
lequel la source du troisieme courant alimente le troi- 
sieme courant vers un noeud de potentiel de masse. 

8. Procede de fonctionnement d'un circuit de de- 
phasage, le precede comprenant : 

la generation de premier et deuxieme courants 
utilisant des premiere et deuxieme sources de 
courant respectives qui alimentent le courant 
depuis un potentiel d'alimentation vers des pre- 
mier et deuxieme noeuds respectifs ; 
I'orientation du courant du premier noeud au troi- 
sieme noeud en reponse a un premier etat d'un 
signal de reference, et du premier noeud au 
deuxieme noeud via un element resistif en re- 
ponse a un deuxieme etat du signal de 
reference; 

I'orientation du deuxieme courant du deuxieme 
noeud au premier noeud via un element resistif 
en reponse au premier etat du signal de refe- 
rence, et du deuxieme noeud au troisieme 
noeud en reponse au deuxieme etat du signal 
de reference, une transition de la premiere ten- 
sion etantproduite au premier noeud et une tran- 
sition de la deuxieme tension etant produite au 
deuxieme noeud lorsque le signal de reference 
est dans le premier etat ; 
une limitation de la Vitesse de balayage des tran- 
sitions de la premiere et deuxieme tensions ; 
I' absorption d'un troisieme courant du troisieme 
noeud, le troisieme courant etant au moins la 
somme des premier et deuxieme courants ; 
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1'inversion cfune direction de flux de courant k 
travers I'e lament nisistif lorsque le signal de re- 
ference change d'etat ; et 
la generation d'un signal de sortie en detectant 
les points de croisement des transitions des pre- 5 
miere et deuxieme tensions, le signal de sortie 
ayant un dephasage par rapport au signal de 
reference. 

9. Procede selon la revendication 8 dans lequel les 10 
transitions des premiere et deuxieme tensions sont 
complementaires. 

10. Procede selon la revendication 8 dans lequel pen- 
dant le deuxieme etat du signal de reference, une 15 
transition de troisierne tension est produite au pre- 
mier noeud, et une transition de quatrieme tension 

est produite au deuxieme noeud, la transition de troi- 
sierne tension etant compiementaire de la transition 
de la premiere tension. 20 

11. Precede selon la revendication 8 de generation du 
signal de sortie comprenant la comparaison des 
transitions des premiere et deuxieme tensions pour 
detecter les points de croisement de ces dernieres. 25 

12. Precede selon la revendication 8 dans lequel le cou- 
rant orients a. partir du deuxieme noeud est oriente 
en r6ponse & un signal qui est compiementaire du 
signal de reference. 30 

13. Precede selon la revendication 8 dans lequel le troi- 
sierne courant est absorbe du troisierne noeud vers 
un noeud de potentiel de masse. 

35 

14. Procede selon la revendication 8 dans lequel le de- 
phasage est au moins de quatre-vingt dix degres. 

15. Procede selon la revendication 8 dans lequel la limi- 
tation de vitesse de balayage de la transition de la <o 
premiere tension au premier noeud est r6alis6e a 
I'aide d'un condensateur. 
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